Recent results reinforce the view that actin-based and microtubule-based motility systems do not operate independently, but are used in a coordinated fashion to determine intracellular localization of cargo such as organelles.
Intracellular motility is based on two distinct systems of motility-supporting polymer, actin filaments and microtubules. This splits motility research into two main camps: those interested in the actin cytoskeleton and motors of the myosin superfamily, and those interested in microtubules and motors of the kinesin and dynein superfamilies. While this division, and myriad smaller divisions, are useful when working out the details of intracellular motility, one must be careful not to lose sight of the larger picture. There is a growing body of evidence that all of these motor systems are used in a coordinated fashion to drive motility, with the various tracks and motors working in synergy to control the precise localization of intracellular cargo. This idea is reinforced by recent experiments on motility in melanophores [1, 2] .
Melanophores, microtubules and motility
Fish and amphibians are able to change color in response to a variety of stimuli using highly specialized epithelial cells, melanophores, which change color by controlling the intracellular distribution of pigment-containing granules known as melanosomes [3] . When melanosomes are closely packed in the center of the melanophore, the aggregated state, the cell appears light colored. When melanosomes are distributed evenly throughout the melanophore, the dispersed state, the cell appears dark colored. Melanophores can be cultured in isolation and retain their ability to control pigment granule localization in response to stimulation, allowing detailed study of the mechanisms underlying this phenomenon.
The microtubule cytoskeleton and, presumably, microtubule motors play dominant roles in melanosome motility, as microtubules are required for both the aggregation and dispersion of melanosomes [3] . Microtubules are arranged in striking radial arrays in melanophores [3] , with their 'plus' ends at the cell periphery and their 'minus' ends at the cell center. Isolated Xenopus melanosomes copurify with kinesin II and cytoplasmic dynein, and move bidirectionally on microtubules in vitro [4] . In vivo, cytoplasmic dynein is thought to provide the force for aggregation by moving melanosomes toward the centrally-located minus ends of the oriented microtubules, whereas kinesin II is thought to drive dispersion by moving toward the peripheral plus ends. Melanophores are viewed as a paradigm for understanding how plus-end-directed and minusend-directed microtubule motors are coordinately regulated to effect discrete organelle localization [3] .
Microtubule-independent motility in melanophores
The effects of compounds that selectively depolymerize microtubules in vivo have implicated microtubule-independent motility in melanophores [5] . The use of actin inhibitors in pigment cells, however, has yielded conflicting results, probably because different types of pigment cell isolated from several different species have been used in previous studies ( [6] [7] [8] [9] and references therein). In a recent pair of papers, the authors complemented inhibitor studies with either in vivo observations of microtubule and melanosome dynamics [2] , or in vitro motility assays [1] , to demonstrate a role for actin-based motility in the proper distribution of melanosomes in fish [2] and Xenopus [1] melanophores.
Rodionov et al. [2] labeled all microtubules in fish melanophores with a fusion protein consisting of tubulin linked to the green fluorescent protein (GFP). They dissected the large cells into smaller fragments that retained melanosome motility, but had a reduced density of granules. This allowed the authors to monitor the motion of individual pigment granules with respect to the labeled microtubules. Interestingly, they observed that the granules often moved off of the microtubules, exhibiting persistent movement over long distances along 'irregular tracks'.
In intact cells, Rodionov et al. [2] observed that the labelled granules underwent 'shuttling motion' -short excursions, in random directions, of the granules at the periphery of the cell, with more directed motility in the center of the cell, where the microtubules are highly organized. When the microtubules were removed with nocodazole, the random shuttling motion persisted, and was now seen throughout the cell, with rates indistinguishable from those seen at the periphery in the presence of microtubules. Individual granules were observed to show 'long processive runs', as if following tracks. This microtubule-independent shuttling motion was found to be ATP dependent.
Removal of microtubules from Xenopus melanophores in which the pigment granules were dispersed resulted in 'undirected shuttling movements' of the granules [1] . When the cells were first treated with melatonin, which normally stimulates aggregation, the granules clustered and moved slowly to the periphery of the cell. When the cells were stimulated to induce aggregation first, followed by microtubule depolymerization, the pigment granules again moved slowly to the periphery in a directed manner. Microtubule-independent peripheral movement, in cells that have been induced to aggregate, indicates either that some uncoupling between stimulus and biological function has occurred as a result of removing microtubules, or that the movement normally occurs in aggregating melanophores, but is overcome by microtubule motor activity.
Actin-dependent motility
This microtubule-independent motility was found to require intact actin filaments in both fish and Xenopus melanophores [1, 2] . In either kind of melanophore, provided that microtubules are intact, removal of actin filaments does not prevent aggregation or dispersion given appropriate stimulation. But if microtubules are absent, depolymerization of actin filaments abolishes the shuttling motion seen in both types of melanophore. In control cells treated to aggregate and then disperse melanosomes, granules are seen throughout the cytoplasm, but in the absence of actin filaments, melanosomes in a similarly treated cell move to the ends of the microtubule array and accumulate at the cell margin, rather than distributing uniformly. The uniform distribution of melanosomes in the dispersed state is thus not purely a result of microtubules and microtubule motors.
Rodionov et al. [2] examined the actin cytoskeleton in fish melanophores by decorating actin filaments with myosin S1 fragments, followed by electron microscopy. They found that short (0.2-3 µm) actin filaments are present throughout the cell, and are denser at the periphery than at the cell center. These filaments exhibit a random orientation. The bulk of the melanosomes are closely apposed to actin filaments. The disposition of the actin filaments, and their association with melanosomes, suggest that they may provide the 'irregular tracks' for microtubule-independent shuttling.
Myosin V
Myosin V [10, 11] is a reasonable candidate for being the motor that powers the actin-dependent phase of fish and amphibian melanosome motility, consistent with its proposed role in melanosome motility in mammalian cells [11, 12] . In mouse melanocytes, pigment granulesmelanosomes -are transported from the cell center to the periphery, where they are taken up by the keratinocytes that phagocytose the margins of the melanocyte [13] . This pigment is then incorporated into hair deposited by the keratinocyte [13] . Myosin V is localized to melanosomes in mouse melanocytes [14] [15] [16] . In mice with mutations in the dilute gene, which encodes a myosin V, pigmentation defects occur as a result of improper transport of melanosomes within melanocytes; pigment granules are located in the perinuclear region, but are absent from the periphery, in melanocytes of dilute mutant mice [14, 17] .
Rogers and Gelfand [1] have obtained evidence that myosin V is the motor protein that drives actin-dependent Dispatch R395
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Three types of motor protein have been found associated with melanosomes (illustrated as large grey circles). Cellular signals caused by external stimulation result in either melanosome aggregation (movement towards the minus ends of microtubules, indicated by a white arrow) or dispersion (movement towards the plus ends of microtubules and the periphery of the cell, indicated by a blue arrow). Melanosomes that are in the process of dispersing move off microtubule tracks and then move along short, randomly-oriented actin filaments. A greatly reduced number of actin filaments is depicted for clarity; the melanophore is likely to have a much denser network of filaments. 'Active' microtubule motors are indicated by red globular motor domains; 'inactive' microtubule motors are indicated by white motor domains. movement in Xenopus melanophores. Purified Xenopus melanosomes have previously been shown to possess bound kinesin and cytoplasmic dynein and to move on microtubules in vitro [4] , and Rogers and Gelfand [1] found that they move when placed on highly-ordered actin bundles isolated from the green alga Nitella. The rate of movement was similar to rates observed previously for pure myosin V bound to beads in the Nitella assay [18] . By western blotting with antiserum directed against the product of the mouse dilute gene, Rogers and Gelfand [1] showed that myosin V is present on melanosomes, and that it is enriched on purified melanosomes relative to the initial melanocyte extract. This is the first demonstration that a purified vesicle population can move in vitro using either endogenously-bound microtubule motors or a myosin.
Although Rogers and Gelfand [1] have not directly proven that myosin V drives the melanosome motility that they observed in vitro, their results are consistent with the demonstration that myosin V can serve as a vesicle motor, based on inhibition of actin-dependent motility in squid axoplasm with myosin V antibodies [19] . Western blotting experiments with antibodies to myosin I or myosin II showed that these are absent from melanosomes. There is evidence that other myosins, including myosin VI, may serve as particle motors in other types of cell [20, 21] , but Rogers and Gelfand [1] did not perform an extensive survey for all myosins bound to isolated melanosomes. If other myosins are bound to the melanosomes, then it should be relatively straightforward, using the same experimental system, to investigate their possible role in the observed actin-dependent motility.
These results with fish and Xenopus melanophores reinforce the view, based on a number of previous studies, that cells can move the same cargo using both microtubule motors and myosins (Figure 1) , and that both types of motor are necessary for normal physiological transport of intracellular cargo, and perhaps for the steady-state localization of organelles and endomembranous systems (reviewed in [22] ). Mitochondria move on microtubules and actin filaments in vivo [23] . Individual vesicles have been observed to move along microtubules and then along actin filaments in extruded squid axoplasm [24] . Myosin I and cytoplasmic dynein are both present on Golgi-derived vesicles [25] . Rogers and Gelfand [1] have provided the strongest demonstration that individual vesicles bind functional motors that permit both microtubule-dependent and actin-filament-dependent motility.
How do cells regulate myosins and microtubule-based motors in a coordinated fashion in order to localize correctly cargo that use both motility systems? Some passive level of coordination may come simply from the organization of microtubules and actin filaments, with motility mainly along one system or the other where it predominates in the cell. In regions of the cell where actin filaments and microtubules overlap, the binding affinities of each motor for its track and its cargo, as well as the activity of each motor, must be regulated. In fish melanophores, for example, hormones regulate cAMP and Ca 2+ levels, which in turn modulate phosphatase and kinase activities, controlling protein phosphorylation levels that correlate with granule aggregation and dispersion [3] . Direct phosphorylation of kinesins, dyneins or myosin motors can modulate their properties, and may play a part in their coordinate regulation. Changes in free Ca 2+ also directly control binding of calmodulin light chains to myosins, thereby modulating their motor activity. Ca 2+ stimulates the actin-activated ATPase activity of brain myosin V but reduces its in vitro motility, and this is thought to be due to weaker binding of calmodulin light chains by the myosin V heavy chain [26] . Myosin V and cytoplasmic dynein share in common an 8 kDa light chain [27] , which may link their activities. Myosin VI was recently shown to bind a microtubule-binding protein, CLIP-170/190 [28] , providing another possible way to link actomyosin activity and the microtubule cytoskeleton. Microtubule motors and myosin motors may be present together in a complex bound to their cargo, and a tensionbased system may inactivate antagonistic motors when one particular class is actively engaged with its polymer track.
Future investigations of melanosome motility promise to answer questions about how microtubule motor and myosin motility are controlled and coordinated for the same cargo. The ability to isolate biochemically-defined melanosomes in large quantities from cultured melanophores, coupled with in vitro motility assays to test the activity of specific motors under different conditions, provide a tremendous opportunity to gain insight into how these complex interactions are regulated. The direct observation and manipulation of cultured melanophores will provide ways to expand upon observations from the in vitro experiments. These experiments are likely to have relevance to the control and coordination of motility for a variety of cargo in all eukaryotic cells.
